Phonon-mediated population inversion in a semiconductor quantum-dot cavity system 
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Achieving population inversion in solid-state two-level systems like quantum dots in semiconductor 
cavities could lead to fundamentally new regimes of light-matter interaction and the development 
of miniaturized non-classical light sources at telecom frequencies. Here we show that phonon- 
induced scattering between a driven cavity mode and a quantum dot can promote the exciton to 
a regime of pronounced steady- state population inversion. Using a polaron-based master equation, 
we demonstrate excited-state populations above 0.9 in an InAs dot at a phonon bath temperature 
of 4K. The mechanism of inversion is phonon-mediated switching between ground- and excited- 
state branches of the multi-photon ladder of states. Quantum trajectory simulations extend this 
qualitative interpretation to a quantitatively realistic model. 



The ability to achieve inversion and lasing in atomic 
and solid state systems is a topic of continuing interest 
[H- Recently, in the domain of cavity-QED, regimes of 
"single atom lasing" and non-classical light emission have 
been studied [l, Q. According to the common wisdom, 
schemes to achieve population inversion must exploit a 
multi- level manifold of material states; inversion (in the 
steady state) is not possible for a driven two-level system 
(TLS). The wisdom is restricted to a TLS coupled to 
classical fields only and a non-engineered environment, 
however. When interacting with a quantized radiation 
mode, a TLS may be inverted by two-photon excitation 
of higher lying levels of the quantized matter plus field 
0-0] • A TLS in interaction with an environment near 
a photonic bandgap may also be inverted, by way of an 
asymmetry of the Mollow triplet [T^; very high (many 
orders of magnitude) contrast in the sideband decay rates 
is required, though. 

In contrast to atoms, unique features of semiconduc- 
tor quantum dot (QDs) include their large optical dipole 
moments and engineerable emission wavelength; other 
attractive features are the fixed QD position and abil- 
ity to integrate with cavities and waveguides using stan- 
dard semiconductor fabrication techniques Semicon- 
ductor QDs differ from atoms at a more fundamental 
level, however, and call for extra care when describ- 
ing the quantum light-matter interaction. In particu- 
lar, QDs are typically embedded in a solid state lat- 
tice where electron-phonon interactions, though often ig- 
nored, are known to impact optical properties, affect- 
ing photoluminescence lineshapes [9], coherent Rabi os- 
cillation [10], and the Mollow triplet spectrum of reso- 
nance fluorescence [ll|, ll2| . Phonon-mediated scattering 
can cause excitation-induced dephasing [13, [l^ which is 
detrimental to the exploitation of quantum optical inter- 
actions. An intriguing question is thus: what impact does 
electron-phonon scattering have when one tries to coher- 
ently drive an excitonic transition coupled to a quantized 
radiation mode into the regime of population inversion? 



Here we find a surprising result. We find that contrary 
to it being detrimental, acoustic-phonon-mediated scat- 
tering can be exploited to achieve significant exciton in- 
version via a mechanism entirely different to previously 
proposed schemes for inverting a TLS. The mechanism is 
richer and significantly more efficient. It relies on the nat- 
ural asymmetry between phonon emission and absorption 
at low bath temperatures, exploiting a phonon-assisted 
one-way coupling (scattering) between the exciton and 
the cavity mode when the cavity is blue detuned with 
respect to the zero phonon line (ZPL). 

In this Letter we propose and characterize the photon- 
assisted scheme using a semiconductor quantum-optics 
formalism that includes phonon interactions by way of 
an effective master equation (ME) The ME takes 

electron-acoustic-phonon interactions into account at a 
microscopic level using a polaron transform 12, 1^, and 
introduces cavity and QD decay at the level of a Lindblad 
description. We consider a single QD embedded within 
a small high Q dielectric cavity, as shown schematically 
in Figs, [ija) and[l](b). The cavity mode is subject to 
coherent cw pumping {rjc in the figure). The advantage of 
cavity over exciton pumping is that it mitigates problems 
with excitation-induced dephasing , a process that 

accompanies excitation via the exciton-phonon reservoir 
111 Il2| ; it also allows for pumping through a waveguide 
input channel [lH [cf. Fig. [TJb)]. 

Theory. — We work in a frame rotating at the laser 
pump frequency uol- The Hamiltonian, excluding QD 
and cavity decay, is 

hXq{bq + ^J) + XI ^"^A^q ' (1) 

q q 

where 6j and bq are the phonon creation and annihilation 
operators of mode q of the bath, and a are the photon 
creation and annihilation operators of the cavity mode, 
and (7+ and a~ are Pauli raising and lowering operators 
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FIG. 1: (Color online) (a-b) Schematics of two example semi- 
conductor cavity-QED systems with coherent cavity drive r/c. 
(c) Exciton energy levels (|e) and |^)) and first two levels of 
the cavity ladder (|0) and |1)), with exciton coupling to a 

phonon bath; {B)g and Fp^^ effect phonon-induced coupling 
between the exciton and cavity (see text); Acx is the cavity- 
exciton detuning, (d) Simplified level scheme showing the 
approximate system behavior as ground- and excited-state 
harmonic oscillators with one-way coupling through phonon- 
mediated scattering (coherent coupling {B)g omitted); k is 
the cavity decay rate. 



for the exciton (electron- hole pair); AaL = uJa—^L {a = 
x,c) designates the exciton (frequency uJx) and cavity 
(frequency uJc) detuning from ujl^ and the Hamiltonian 
of the cavity drive is i^^^^ive ~ ^Vc {a -\- a^). 

To move from Hamiltonian ([1]) to the effective ME, one 
first transforms to a polaron frame, which formally recov- 
ers the independent boson model [l6l-[l8|: this model is 
known to describe the characteristic spectrum of an exci- 
ton coupled to a phonon bath [oj . From here the derived 
ME [12,, 113, [III treats coherent electron-phonon coupling 
nonperturbatively through a mean phonon displacement. 



(B) = exp 



dcj-^ coth{huj /2hT) 



(2) 



with J{uj) the phonon spectral function, and scattering in 
the second-order Born approximation (see Refs. [12I. Il^ 
for details). With the addition of QD and cavity decay, 
the time-convolutionless ME for the reduced density op- 
erator is: 



dp_l_ 
dt ih ^ 

with polaron-transformed system Hamiltonian 

Hg = h{Aa:L - Ap)cr+Cr" + flAcLO^ a + fig' Xg 



(3) 



drive' 

(4) 



with polaron shift Ap = dujJ{uj)/uj (absorbed into 



the exciton frequency below) and g^ = (B) g, and the 
phonon scattering term 

Cpi,p=-g'^Yl / c;rG™(r)[X^,X^(r)p]+H.c., 

(5) 

where X^(r) = e-'^sr/nx^e'^sr/n ^ ^^^h {Xg.iXu) = 
a^a~ ± cr+a, and Gg{t) = cosh[(/)(t)] — 1 and Gu{t) = 
sinh[0(t)] are the polaron Green functions [l6|, [l^, with 
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duj — — [coi\i{?i(jj / 2ki)T) cosiujt) 



i sm{ujt)] . 
(6) 

For the phonon spectral function we adopt the form 



J{lo) 



apUJ ex.p{—uj /2uj'^)^ which describes the 



electron-acoustic-phonon interaction via a deformation 
potential interaction, the dominant source of phonon 
scattering for InAs and Gas As QDs [21]. The last term 
on the right-hand side of Eq. (|3|) is a sum of three 
Lindblads: jC = KC[a] + {j/2)C[a~] + yC[aee]^ where 
C[(,]p = 2(_p(_^ — ^Hp~ p(.H and cTge = |e)(e|. It accounts 
for cavity decay at rate 2f<i^ exciton decay at rate 7, and 
pure dephasing of the exciton at rate 7'; these processes 
broaden the ZPL. 

The full form of the outlined model yields an involved 
solution scheme and little physical insight. We there- 
fore turn to an effective Lindblad ME, which is shown 
by Roy and Hughes [3] to yield solutions in very good 
agreement with Eq. (|3]). For cavity excitation it makes 
the replacement: 
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with scattering rates 



'-ph 



2g'^ Re 



(7) 



, (8) 



where Acx = oJc — is the cavity-exciton detuning. In 
this prescription, phonon scattering amounts to a one- 
way coupHng between the driven cavity mode and QD 
exciton expressed through quantum jumps. There are 
jumps in two directions — photon creation accompanied 
by exciton deexitation (rate T^^^ ) and photon anni- 
hilation accompanied by excitation of the exciton (rate 
^ph") — though Eqs. ([6]) and (|8]) yield an asymmetry of 
rates. The asymmetric scattering rates allow for pho non- 
mediated inversion. 

The results which follow are obtained by solving ME 
(j3|) numerically with electron-phonon scattering treated 
in the Lindblad approximation [Eq. ([7])]. As depicted in 
Fig. [U^c), we adopt a basis of truncated photon states, 
|n), n = 1,...,A^, and the two exciton states, \g) and 
|e). We find that N = 50 is required for convergence 
at the chosen pump levels, especially in the presence of 
electron-phonon scattering. For a simplest picture of the 
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FIG. 2: (Color online) (a) Rates r^^" (solid) and r^h"" 
(dashed) as a function of cavity detuning from the zero 
phonon line; for an effective cavity-exciton coupling rate 
g' = 0.1 meV, phonon spectral parameters ujb = ImeV and 
ap/(27r)^ = 0.06 ps^, and bath temperatures T — 4K (blue, 
thicker curves) and T = lOK (red, thinner curves), (b) Corre- 
sponding phonon correlation function, Cpn(t) = exp[(/)(t)] — 1, 
with showing real (solid) and imaginary parts (dashed). 



inversion mechanism, Fig. [I{d) shows the two harmonic 
oscillator ladders, coordinated with \g) and |e), which 
result when the Jaynes-Cummings (JC) interaction term 
(hg'Xg) is dropped from the polaron-transformed Hamil- 
tonian. With this simplification, if the cavity is detuned 
to the blue of the zero-photon line, as shown, Fp^ ^ may 

dominate over T*^^^ to pump the exciton into its excited 
state. 

Results. — We choose material parameters suitable for 
InAs QDs, with ujiy = ImeV and ap/(27r)^ = 0.06 ps^ 
m, [20| , and consider a QD-cavity system in the strong 
coupling regime of cavity QED, with g' = 100 /ieV, 7 = 
1/ieV, = 50/ieV, and 7' = 4/ieV. These numbers 
are consistent with various QD-cavity experiments. To 
gain insight into the relevant phonon scattering rates, we 
plot them as a function of cavity-exciton detuning for 
two different bath temperatures in Fig. [Sfa). The figure 
highlights the mentioned asymmetry between T^^^ and 

FpJ^^ , more pronounced at the lower temperature of 4K 
than 10 K (where the process of phonon absorption is 
less likely). Note also that the scattering rates at 10 K 
are larger than at 4K, even though (B) (10 K) = 0.84 is 
lower than {B) (4K) = 0.91. In Fig. Efb), we also plot 
the phonon correlation function, Cpn(t) = exp[0(t)] — 1, 
which shows that higher temperatures are more heavily 
damped and thus the peak in the scattering rates shifts 
to lower frequencies. 

With these scattering rates as input, we solve the ME 
to calculate steady-state exciton populations, TV^^, as a 
function of detuning. We adopt the bath temperature 
T = 4K, since it yields the larger asymmetry of rates, 
and choose a fairly large pump value r]c = 0.3g'. In order 
to clearly demonstrate the dominant influence of phonon 
scattering, exciton populations calculated with the scat- 
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FIG. 3: (Color online) Steady-state exciton population as a 
function of laser frequency for pump rate ijc = 0.3 meV and 
cavity-exciton detunnings Acx = —1.6, —0.8, 0, 0.8, 1.6, and 
3.0 meV (lower to upper). The blue (dark) curves show the 
population without phonon scattering while the orange (light) 
curves include phonon scattering. Each curve is labeled by the 
peak population with phonon scattering included; the bare 
cavity resonance is indicated by the vertical magenta line. 
The dashed line {Acx — 1.6 meV) shows results with the JC 
term {Tig'Xg) omitted from the polaron-transformed Hamil- 
tonian [coupled harmonic ladders, cf. Fig. [T]^d)]. 



tering term [Eq. ([7])] included are compared against those 
with phonon scattering turned off; g takes the value of 
g' in the latter case. The comparison is made in Fig. [3l 
The figure shows the exciton population passing through 
a peak as a function oi uol — oOx^ more or less in line with 
the peak in the scattering rates. Most notably, large 
population inversions are obtained with the cavity blue- 
shifted from the exciton; this is the configuration that 
allows phonon scattering between ground- and excited- 
state branches of the multi-photon ladder of states to 
excite the exciton, as shown in Fig. [IJd). The reverse 
process — cavity feeding — has been identified in semicon- 
ductor cavity- QED studies 



12, 2d,M,M. Here we see 



that the phonon-mediated scattering process described 
by Fpj^ ^ can create large population inversions. We stress 
that the mechanism is quite different to the one reported 
in Refs. [6| and [4], and the process considerably more 
efficient. Not only do we see pronounced inversion in the 
presence of phonon scattering, with > 0.9 at cavity 
detuning Acx = 1.6 meV in Fig. [3l but also significant 
inversion over a broad detuning range. 

Phonon-mediated population inversion is unique to the 
solid state environment where it may allow for cavity- 
pumped single exciton lasing. It is important to note 
that these predictions are maintained when the full non- 
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FIG. 4: (Color online) Examples of quantum trajectories at 
(a) 4K and (b) 10 K, for optimal detuning, Acx = 1.6 meV, 
and other parameters as in Fig.[2l Orange (light) lines display 
the photon number expectation {Nc)rec/N — {a^a)KEc/N 
(truncation at = 60) and blue (dark) lines the exciton 
expectation (A^cc)rec = (cr^cr~)REC- The expectations are 
conditioned upon the record of quantum jumps: either photon 
decay (magenta lines) or phonon-mediated scattering [green 

circles (black squares) for scattering at rate Fp^ (rph^ )]• 



maintained over a relatively long time at 4K, eventu- 
ally being lost primarily through radiative decay; the 
low radiative decay rate means no such 7-jump occurs 
in Fig. m With the temperature increased to 10 K, the 
reverse phonon scattering process primarily deexcites the 
exciton at a higher rate, and populations are reduced. In 
the present case, increasing the temperature from 4 K 
to 10 K reduces the inversion from 0.9 to approximately 
0.8. The effect of the JC interaction term is to produce 
the oscillations in Fig. IH hardly altering the pattern of 
quantum jumps but reducing the mean population a little 
(c.f. the dashed curve in Fig. [3]). 

Conclusion. — We have reported a fundamentally new 
way of creating pronounced exciton inversions in semi- 
conductor QD-cavity systems. The mechanism exploits a 
highly efficient phonon-mediated scattering process that 
destroys cavity photons while creating excited excitons; 
the reverse process takes place at a much reduced rate in 
a low temperature bath. At a phonon bath temperature 
of 4K, exciton populations greater than 0.9 are easily 
achievable. 

This work was supported by the National Sciences and 
Engineering Research Council of Canada and the Mars- 
den Fund of the Royal Society of New Zealand. 



Lindblad ME is used [14 1. 

At the optimal cavity detuning near Acx = 1.6 meV, 
the exciton population is greater than 0.9; even higher 
numbers result at higher pump rates. As indicated above 
[cf. Fig.[T]^d)], the mechanism underlying this remarkable 
inversion is described in a simplest model by electron- 
phonon scattering between a pair of cavity multi-photon 
ladders — the first coordinated with the ground state of 
the exciton and the second the excited state. The model 
neglects the JC interaction term (Tig'Xg) in polaron- 
transformed Hamiltonian [Eq. (j4])]. To test it, we also 
carried out calculations with the JC term omitted; our 
results for Acx = 1.6 meV appear as the dashed curve in 
Fig. [3l They confirm the qualitative correctness of the 
model, with large population inversions near the cavity 
frequency reproduced; although, as one would expect, 
the exciton resonance is completely missed. 

Finally, two sample quantum trajectory simulations 
[2^ are presented in Fig.|4]to provide insight into changes 
brought by the neglected JC interaction term. For the 
optimum detuning of Acx = 1.6 meV, we contrast the 
phonon scattering dynamic at temperatures of 4K and 
10 K. Short vertical magenta lines signal cavity photon 
jumps, while green circles and black squares identify the 
jumps associated with phonon scattering — photon anni- 
hilation accompanied by exciton exitation (green circles) 
and photon creation accompanied by exciton deexcita- 
tion (black squares). Phonon scattering quickly (within 
a cavity lifetime) excites the exciton. The excitation is 
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